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Pathophysiological aspects of edema formation in diabetic nephrop-
athy. The present study was undertaken to evaluate some pathophys-
iological mechanisms of edema formation in diabetic nephropathy.
Sixty-three subjects were investigated: 9 normal subjects (1), 9 normoal-
buminuric Type I (insulin-dependent) diabetic patients (11), 15 microal-
buminuric Type I diabetic patients (III), 16 Type I diabetic patients
with nephropathy without edema (IV), and 14 Type I diabetic patients
with nephropathy and edema (V). Plasma volume ('251-albumin), gb-
merular filtration rate and extracellular fluid volume (5tCr-EDTA) were
measured. Colloid osmotic pressure and albumin concentration were
measured in plasma and in subcutaneous interstitial fluid (suction blister
technique). The ratio between plasma volume and interstitial fluid
volume was reduced in patients with edema compared with group I (P
<0.05). The interstitial colloid osmotic pressure (mm Hg) was signifi-
cantly reduced (P < 0.05) in group V compared with the other groups
(V: 4.3 1.1, 1:7.9 1.7, II: 7.5 1.8, III: 6.6 1.5, IV: 6.6 1.1),
but the transcapillary colloid osmotic gradient in patients with edema
was comparable with the remaining subjects. The ratio between inter-
stitial and plasma albumin concentration was significantly reduced in
group V compared with groups I and H (V: 0.31 0.1, 1: 0.43 0.06,
11: 0.44 0.06; P < 0.01; III: 0.41 0.07, IV: 0.41 0.08). This
reduction was mainly due to enhanced lymph flow. The wash-down of
subcutaneous interstitial protein indicated increased capillary filtration,
but at the same time limited the increase in net filtration pressure and
thereby prevented progressive edema formation in diabetic nephrop-
athy. The failure of this mechanism to prevent edema is presumably due
to an additional filtering force of capillary hypertension and/or in-
creased surface area.
Approximately 35% of all Type I diabetic patients develop
persistent albuminuria, a decline in the glomerular filtration rate
(GFR) and increased blood pressure, collectively constituting
the clinical syndrome of diabetic nephropathy [1—4]. While
albuminuria is the first sign, peripheral edema is the first
symptom of diabetic nephropathy [5]. Fluid retention is fre-
quently observed early in the course of this kidney disease, that
is, at a stage with well preserved renal function and only slight
reduction in serum albumin [5, 6]. The causes for this early
edema development in diabetic patients as compared to non-
diabetic glomerulopathies are not known, but disturbances of
the forces controlling movement of fluid between plasma and
interstitium must prevail [7]. Aukland [7] has shown that
reduction in interstitial colloid osmotic pressure is an important
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edema-preventing mechanism. The demonstrated activation of
this safety factor against edema formation in non-proteinunc,
long-term Type I diabetic patients can perhaps explain the
enhanced tendency to progressive generalized edema in pro-
teinuric, long-term Type I diabetic patients [8].
To evaluate this hypothesis we investigated the transcapillary
colloid osmotic gradient, plasma and interstitial fluid volume
and transcapillary escape rate of albumin in Type 1 diabetic
patients with and without diabetic nephropathy.
Methods
Patients
Sixty-three Type 1 diabetic patients with onset of Type 1
diabetes before the age of 40, aged 18 to 50 years and without
medication apart from insulin were divided into four groups:
normoalbuminuria (N = 9), below 30 mg/24 hr; microalbumin-
uria (N = 15), 30 to 300 mg/24 hr; nephropathy without clinical
edema (N = 16) and with clinical edema (N = 14), above 300
mg/24 hr; nine healthy non-diabetic subjects matched for sex
and age served as a control group (Table 1). Nearly all patients
with pitting edema of the legs had a history of swelling of face,
hands and feet. Although the facial and hand edema regressed
during the course of the day, edema of the legs was at its
maximum after prolonged periods of standing. None had clini-
cal or laboratory evidence of cardiac, hepatic or veno-obstruc-
tive disease, and none were taking drugs except for insulin. All
patients were insulin-dependent from the time of diagnosis, and
all received at least two daily injections of highly-purified
porcine insulin and their usual diabetic diet without sodium or
protein restriction. The level of albuminuna was calculated as
the median value of albumin excretion in three consecutive
24-hour urine collections free of ketone bodies. All patients had
sterile urine and a normal urine microscopy. All subjects gave
informed consent, and the experimental design was approved
by the local Ethical Committee.
Methods
The investigations were performed from 8.00 a.m. to 02.00
p.m. after an overnight fast. The patients received their usual
morning insulin and breakfast at 10.00 a.m. The subjects drank
150 ml tap water per hour during the study. Measurements were
performed in the supine position and the subjects were only
standing when voiding.
Plasma volume and transcapillary escape rate of albumin
(TERaIb) were determined at 08.30 a.m. after an intravenous
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Table I. Clinical data in Type I diabetic patients with and without nephropathy
Glomerular
Diabetes Urinary filtration Vibration
Group
Number
and sex
Age duration
years
Arterial blood
pressure
mm Hg
albumin
excretiona
pg/min
rate
mi/mm
1.73 at2
HbA1b
% Retinopathy
perception
threshold
volt
Controls (I) 5F/4M 32 7 116/72 8/6 5 103 13 5.0 0.4 8 4
Type I diabetics
Normoalbuminuria (II) 5F/4M 38 9 27 12 128/77 I 1/7 5
(3—16)
123 18 7.3 0.9 8 background
1 proliferative
9 3
Microalbuminuria (Ill) 9F/6M 31 8 19 6 127/81 14/9 64
(21—324)
126 15 8.9 1.4 13 background
2 proliferative
13 5
Nephropathy without 9F/7M 33 8 21 8 119/76 10/7 400 Ill 21 8.7 1.2 9 background 20 9
edema (IV) (134—647) 7 proliferative
Nephropathy with edema 8F/6M 32 8 18 4 139/84 14/12 1225 94 25 8.9 1.3 9 background 16 11
(V) (109—3579) 5 proliferative
Values are means SD.
a Urinary albumin excretion is median and range during the clearance period
b Hemoglobin A1c
injection of 0.11 MBq human serum albumin labelled with
iodine-125 (code MIAK, Institute of Atomic Energy, Kjeller,
Norway) measured by the plasma radioactivity sampled at 10,
20, 30, 40, 50, 60 minutes after the injection, as described
previously [9, 10].
Glomerular filtration rate (GFR) and extracellular fluid vol-
ume were measured after a single intravenous injection of 3.7
MBq 51chromium edetic acid (51Cr-EDTA) (9.30 a.m.) by
studying the plasma disappearance for four hours. Blood sam-
pies for tracer determinations were drawn before the injection
andat5,7, 10,15,30,45,60,90,120,150, 180,200,220and240
minutes [111. The small underestimation (10%) of 51Cr-EDTA
clearance versus clearance of inulin as corrected for by multi-
plying the former by 1.10 [121. The results were standardized
for 1.73 m2 body surface area. The mean coefficient of variation
of GFR from day to day is 2.8% in our laboratory [13).
Interstitial fluid volume (WV) was calculated as extracellular
fluid volume minus plasma volume.
Interstitial fluid was obtained by the suction blister device as
described by Kiistala [14]. Sub-atmospheric pressure (200 mm
Hg) was obtained by an automatic pump device with one
suction cup of PVC applied on non-edematous tissue (groin
region). The suction cup was 50 mm in diameter and inside the
cup was a concave PVC diaphragm. The adapter plate was
perforated and had five round concentric holes each 5 mm in
diameter into which the blisters were produced. After 90
minutes the blisters were punctured by a thin needle, and the
fluid was collected in unheparinized glass capillaries. The fluid
from the five blisters formed one sample of 0.5 to 0.8 ml.
The interstitial colloid osmotic pressure ir was measured by
a colloid osmometer designed for 5 .d samples [15]. The
interassay coefficient of variation was 4.3%.
Plasma was obtained at 11.30 a.m. from an arm vein without
applying stasis at the same time as the blisters were punctured
in order to measure plasma colloid osmotic pressure, ir,,.
Transcapillary colioid osmotic gradient was calculated as
IT'.
Urinary albumin excretion rate was measured in a timed
urine collection during the four-hour clearance period by radio-
immunoassay [16]. This assay has a sensitivity of 0.5 mg/liter
and an interassay coefficient of variation of 9%.
Plasma and interstitial albumin concentrations were mea-
sured by the same radioimmunoassay [161.
Blood pressure was measured at 8.30 a.m., 10.30 a.m., and
1.30 p.m. by a Hawksley random zero device (Hawksley &
Sons, Lancing, UK) (cuff 25*12 cm). Diastolic blood pressure
was recorded at the disappearance of the Korotkoff sounds
(phase V). Mean arterial blood pressure was calculated as
diastolic blood pressure plus 1/3 of the pulse pressure.
Blood glucose was measured hourly during the five-hour
investigation period by Hypocount B (Hypoguard, Wood-
bridge, UK).
Stable hemoglobin A1 was measured by isoelectric focusing
(normal range 4.1 to 6.1% of total hemoglobin) [17].
Retinopathy was assessed by direct opthalmoscopy after
pupillary dilation.
Vibratory perception threshold was measured in the big toe
with a biothesiometer (Biomedical Instruments Co, Newbury,
Ohio, USA). A threshold of more than 20 V indicates neurop-
athy in subjects below the age of 50 [18].
Siatistical analysis
Results are expressed as mean values with standard devia-
tions. Median and range are used for urinary albumin excretion,
since these values are not normally distributed.
Dunnett's test [19] was used for comparison between the
groups. Linear correlation analysis was performed between
plasma albumin and urinary albumin excretion, plasma albumin
and the glomerular filtration rate, interstitial colloid osmotic
pressure (ir,) and plasma colloid osmotic pressure (ii,,), and
interstitial colloid osmotic pressure and interstitial fluid volume.
The calculations were performed with the commercially avail-
able program Statgraphic (STSC, Rockville, Maryland, USA).
The risk of Type 1 error was set at P < 0.05.
Results
The four diabetic groups were comparable with respect to
sex, age and duration of diabetes. The patients with clinical
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edema and nephropathy were characterized by a higher urinary
albumin excretion rate of 1225 (range 109 to 3579) g/min, lower
plasma albumin concentration 29.0 4.6 glliter, and a tendency
to a lower GFR 94 25 ml/min* 1.73 m2 compared with to group
IV (Table 1, Figs. 1 and 2). There was a negative correlation (r
=
—0.72, P < 0.01) between plasma albumin concentration and
urinary albumin excretion in the diabetic patients with and
without edema (Fig. 1).
Plasma volume was comparable in all four diabetic groups,
but was about 10% lower than in the control group (P = NS
Table 2). Extracellular fluid volume was significantly increased
in the diabetic patients with nephropathy and edema (14.1
1.2) compared to normoalbuminuric patients (12.9 0.9) and
controls (12.8 1.5) 111.73 m2 (P < 0.05, Table 2). Conse-
quently interstitial fluid volume was significantly expanded in
patients with nephropathy and edema compared with normo-
albuminuric patients and controls (P < 0.05, Table 2). The ratio
Table 2. Plasma volume, extracellular fluid volume, interstitial fluid
volume, and ratio of plasma volume and interstitial fluid volume in
Type I diabetic patients with and without nephropathy
Ratio ofExtracellular Interstitial piasmaPlasma fluid fluid
volume and
volume volume volume interstitial
Group liter/!,73 m2 fluid volume
Controls (1) 2.9 0.3 12.8 1.5 9.9 1.3 0.30 0.03
Type I diabetics
Normoalbumin- 2.7 0.5 12.9 0.9 10.2 0.6 0.27 0.04
uria (II)
Microalbumin- 2.6 0.4 13.4 1.2 10.8 1.3 0.25 0•06b
una (III)
Nephropathy 2.6 0.3 13.4 1.3 10.7 1.2 0.25 0•03b
without
edema (IV)
Nephropathy 2.6 0.3 14.1 I.2 11.4 l.2a 0.23 004b
with edema
(V)
between plasma volume and interstitial fluid volume was re-
duced in groups Ill to V compared with group I (P < 0.05).
Plasma and interstitial albumin concentration was decreased
in diabetic patients with nephropathy and edema when com-
pared with normoalbuminuric patients and controls (P < 0.01,
Table 3). A significant decline in interstitial albumin concentra-
tion was observed from group IV to V (P < 0.05, Table 3).
Plasma colloid osmotic pressure (iii,) and interstitial colloid
osmotic pressure (ir1) were significantly reduced in the patients
with nephropathy and edema compared with the normoalbu-
minuric patients, 18.0 2.8 versus 22.7 3.1 mm Hg and 4.3
1.1 versus 7.5 1.8mm Hg(P <0.05, Table 2), respectively.
Transcapillary colloid osmotic gradient (iii, — i7) was compa-
rable in all the five groups (Table 2).
Interstitial colloid osmotic pressure (ii) correlated signifi-
cantly with plasma colloid osmotic pressure (ir,) in the diabetic
patients (r = 0.68, P < 0.05). An inverse correlation between
interstitial colloid osmotic pressure (ii) and interstitial fluid
volume was found in the diabetic patients (r =
—0.31, P <0.05).
The ratio between interstitial albumin concentration and
plasma albumin concentration was significantly decreased in
the diabetic patients with nephropathy and edema (group V)
compared with groups I and II (P < 0.01, Table 3).
Transcapillary escape rate of albumin was elevated in pa-
tients with nephropathy as compared with the other groups (P
<0.05).
Discussion
We have demonstrated that generalized edema develops
early in the course of diabetic nephropathy. This condition is
accompanied by reduced interstitial colloid osmotic pressure,
which in part can be explained by simple dilution and in part by
diminished interstitial protein mass due to enhanced lymph
flow. The demonstrated wash-down of subcutaneous interstitial
protein mass limits progressive edema formation in diabetic
nephropathy. It must be emphasized that generalized edema,
that is, expanded interstitial fluid volume, requires renal reten-
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Fig. 1. Plasma albumin concentration (gluier) in relation to urinary
albumin concentration (itglmin) in diabetic nephropathy with (•) and
without (0) edema (r = —0.72, P < 0.05).
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Fig. 2. Plasma albumin concentration (glliter) in relation to glomeru-
lar filtration rate in diabetic nephropa:hy with (•) and without (0)
edema (r = 0.36, P = NS).
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Table 3. Plasma albumin concentration, interstitial albumin concentration, ratio of interstitial albumin concentration and plasma albumin
concentration, plasma colloid osmotic pressure, interstitial colloid osmotic pressure, transcapillary colloid osmotic gradient and transcapillary
escape rate of albumin in Type 1 diabetic patients with and without nephropathy
Ratio of
interstitial Plasma Interstitial
Plasma Interstitial albumin colloid colloid
albumin albumin concentration osmotic osmotic Transcapillary Transcapillary
concentration concentration and plasma pressure pressure colloid escape rate of
albumin osmotic albumin
Group gI!iter concentration mm Hg gradient % hr
Control (I) 38.4 2.5 16.5 2.8 0.43 0.06 22.9 1.5 7.9 1.7 15.1 1.6 5.4 1.2
Type I diabetics
Normoalbuminuria 37.9 2.9 16.8 2.4 0.44 0.06 22.7 3.1 7.5 1.8 15.2 2.2 7.0 2.3
(II)
Microalbuminuria 34.3 4.0 13,9 2.9 0.41 0.07 21.9 1.6 6.6 1.5 15.3 1.5 6.1 1.9
(III)
Nephropathy 34.4 2.5 14.1 2.3 0.41 0.08 21.1 2.0 6.6 1.1 14.2 1.8 9.0 l.9
without edema
(IV)
Nephropathy with 29.0 4.6° 94 2,8b 0.31 0.lOc 18.0 28d 4.3 1.1° 13.5 2.3 8.2 24S
edema (V)
Values are means SD.
P < 0.05 group V versus I & H
b P < 0.05 group V versus I—IV
P < 0.01 group V versus I & IId p < 0.05 group V versus I—Ill
P < 0.05 group V versus I—IV
P < 0.05 group IV versus I & III
P < 0.05 group V versus HI
tion of salt and water. Sodium and water retention appear to
occur in diabetics even before they have overt nephropathy [8,
20], which our study also suggests (group III).
The net flow of water across the capillary wall (J) per unit
time is governed by the "Starling forces" and can be described
by the equation J K*S[(P — P1) — o, — i)] where P and
P1 are average capillary and interstitial fluid hydrostatic pres-
sures, 1r1, and ir are the colloid osmotic pressures of plasma and
interstitial fluid and a- the capillary reflection coefficient for
plasma proteins. The proportionality factor K*S is the product
of the capillary surface area (S) and the hydraulic conductivity
of the capillary wall (K), that is, the amount of water filtered per
unit surface area and per unit pressure difference.
An elevated K*S product has been demonstrated in the
forearm of long-term type 1 diabetics with microangiopathy
[21]. Increased capillary surface area probably plays an impor-
tant role, since vasodilation is a universal phenomenon in type
1 diabetes [22, 23]. Furthermore, the permeability for smaller
hydrophilic molecules is abnormally increased in long-standing
type 1 diabetics with microangiopathy [24, 25]. Finally, we have
confirmed that the capillary permeability to macrontolecules is
abnormal, as indicated by the elevated Teralb [9. 10].
Even though we have no direct evidence of elevated capillary
fluid hydrostatic pressure in diabetic patients, a large amount of
circumstantial evidence suggests that capillary hypertension is
present, as reviewed by Parving et al [22]. Direct measurements
in insulin-treated streptozotocin diabetic rats have documented
capillary hypertension in the glomerulus [26, 27] and in the
microvessels of the intestine [28]. Furthermore, impaired auto-
regulation of blood flow in various organs and tissues including
the subcutaneous has been documented in long-term diabetics
with microangiopathy [291. The consequence of impaired auto-
regulation of blood flow is capillary hypotension during sys-
temic hypotensive, for example, sleep, and capillary hyperten-
sion during systemic hypertensive states-episodes, such as,
stress and physical exertion. Systemic blood pressure elevation
is an early and frequent phenomenon in type I diabetic patients
[30], as demonstrated in our edematous patients with nephrop-
athy. Finally, a reduction in the local veno-arteriolar reflex in
subcutaneous tissue in the lower leg and in the toe has been
reported in long-term diabetics with autonomic and peripheral
somato-sensoric neuropathy [31, 32]. This reflex is elicited
when lowering the lower leg by 30 cm or more below heart
level. This procedure increases the pre-capillary resistance and
thereby reduces the blood flow and pressure. Apart from two
patients, none of the remaining patients with edema suffered
from peripheral neuropathy.
The present and previous findings of enhanced macromolec-
ular permeability of the microvasculature indicate that the
capillary reflection coefficient is reduced in patients with dia-
betic nephropathy. An increase in the permeability surface-area
product for albumin and other plasma proteins contributing
substantially to colloid osmotic pressure, or a decrease in the
capillary reflection coefficient will tend to increase the steady-
state protein clearance and lymph flow [33]. Such an increase
will tend to shift fluid from plasma to interstitium.
It is well known that a reduction in plasma concentration of
albumin to 25 to 20 glliter usually leads to generalized subcuta-
neous edema. This is the major factor involved in patients with
nephrotic syndrome [34, 35]. However, only 3 out of our 14
edematous patients had plasma albumin concentrations below
25 g/liter due to nephrotic range albuminuria (Figs. 1 and 2).
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Aukland originally suggested that reduction of interstitial
fluid colloid osmotic pressure (i) serves as an important local
edema-preventing mechanism [7]. Lasting edema prevention by
this mechanism is entirely dependent on increased lymph flow.
Our demonstration of a reduced ratio between subcutaneous
interstitial fluid and plasma albumin concentration indicates
enhanced subcutaneous lymph flow according to the following
equation [36]:
CL_ PS
Cp
-
PS + L
where CL and C, are protein concentration in lymph and
plasma, respectively, PS the permeability-surface area product
and L is lymph flow. There is considerable evidence that
interstitial fluid protein concentration is close to that of lymph.
Previous studies in type I diabetic patients with microalbumin-
uria [8] and overt diabetic nephropathy [37] have demonstrated
a reduced ratio between interstitial fluid and plasma protein
concentration, indicating wash-down of interstitial protein mass
due to enhanced lymph flow. Subcutaneous interstitial fluid was
collected by the wick technique on the side of the thorax [8] and
in the forearm [37]. It should be stressed that the ir values in the
present and in the two previous studies were obtained from
subcutaneous tissue without clinically detectable edema. Acti-
vation of this local edema-preventing mechanism has also been
demonstrated in other patients with generalized water retention
due to uremia [38, 391, nephrotic syndrome [34, 35], heart
failure [40], and hepatic cirrhosis [41]. Finally, the increased
transcapillary escape rate of albumin is evidence of an overall
enhanced lymph flow [23].
Previous studies [421 have demonstrated that measurements
of ir by an implantable colloid osmometer, by the wick-catheter
method or the wick method give i of the same magnitude as the
blister suction technique [43, 44]. Rein, Myhre and Semb [43]
compare simultaneously the blister suction technique and the
wick method for measuring interstitial colloid osmotic pressure
of subcutaneous tissue on the side of the thorax. A close
correlation (r = 0.93) was demonstrated. Furthermore, several
reports have concluded that the blister suction fluid from
normal skin is similar to subcutaneous interstitial fluid [45, 46].
In conclusion, our study suggests that capillary hypertension,
increased capillary surface area and reduced capillary reflection
coefficient for plasma proteins contribute to the edema forma-
tion demonstrated early in the course of diabetic nephropathy.
The demonstrated wash-down of subcutaneous interstitial pro-
tein tends to prevent the progressive edema formation in
diabetic nephropathy.
Reprint requests to Eva Homme!, M.D., HvidOre Hospital, Emi-
liekildevef 1, 2930 K!ampenborg, Denmark.
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